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Conservation triage focuses on prioritizing species, populations or habitats based on
urgency, biodiversity benefits, recovery potential as well as cost. Population Viability
Analysis (PVA) is frequently used in population focused conservation prioritizations. The
critical nature of many of these management decisions requires that PVA models are
repeatable and reproducible to reliably rank species and/or populations quantitatively.
This paper assessed the repeatability and reproducibility of a subset of previously
published PVAmodels. We attempted to rerun baseline models from 90 publicly available
PVA studies published between 2000 and 2012 using the two most common PVA
modeling software programs, VORTEX and RAMAS-GIS. Forty percent (n = 36) failed,
50% (45) were both repeatable and reproducible, and 10% (9) had missing baseline
models. Repeatability was not linked to taxa, IUCN category, PVA program version used,
year published or the quality of publication outlet, suggesting that the problem is systemic
within the discipline. Complete and systematic presentation of PVA parameters and
results are needed to ensure that the scientific input into conservation planning is both
robust and reliable, thereby increasing the chances of making decisions that are both
beneficial and defensible. The implications for conservation triage may be far reaching
if population viability models cannot be reproduced with confidence, thus undermining
their intended value.
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INTRODUCTION
Despite concerted efforts by conservation practitioners worldwide, species extinction rates continue
to increase (Butchart et al., 2010; Pimm et al., 2014). Current conservation spending remains well
below that required to return rates of extinction to natural levels (Balmford et al., 2003; McCarthy
et al., 2012). The persistent and often escalating threats to biodiversity, coupled with inadequate
funding, make it inevitable that conservation managers apply triage in decision making (Bottrill
et al., 2008, 2009; Arponen, 2012).
Conservation triage focuses on prioritizing species, populations or habitats based on urgency,
biodiversity benefits, recovery potential (i.e., chance of success), and costs to achieve a desired
goal (Bottrill et al., 2008). Urgency is frequently a function of extinction risk but also values
associated with particular species (Farrier et al., 2007). Some argue that it is futile to spend time
and scarce resources on hopeless cases or on species/populations that are likely to persist without
Morrison et al. Repeatability and Reproducibility of Population Viability Analysis
conservation intervention (Arponen, 2012). Essentially, projects
should be prioritized on species uniqueness (e.g., evolutionary
distinctiveness, Jetz et al., 2014), probabilities of extinction and
cost of conservation actions (McDonald-Madden et al., 2008;
Reece and Noss, 2014). However, the uncertainty associated with
some or all of these parameters will ultimately influence our
ability to make robust conservation decisions (Beissinger and
Westphal, 1998; Nicholson and Possingham, 2007). In many
cases trade-offs become critical in directing limited resources
optimally amongst a suite of species, whether these are a few
high priority species or a greater number of lower priority species
(McCarthy et al., 2008; Joseph et al., 2009; Arponen, 2012).
Population Viability Analysis (PVA) is used to support
conservation decisionmaking by providing empirical evaluations
of different management actions for the species or population
in question (Burgman and Possingham, 2000; Dreschler and
Burgman, 2004; IUCN, 2008). PVA modeling of the effects
of demographic, environmental and genetic stochasticity,
natural catastrophes, environmental spatial structure, landscape
heterogeneity, and the influence of management strategies
permits estimation of the extinction risk of populations (Reed
et al., 2002). By predicting population persistence in the
short (a few years) to medium (10s–100s years) term, PVA
allows quantitative ranking of alternative management strategies
that benefit populations or metapopulations (Burgman and
Possingham, 2000; Reed et al., 2002; Traill et al., 2010).
The use of PVA as a decision support tool to guide threatened
species management interventions is not without limitations.
The decisions made by users are heavily reliant on PVAs using
comprehensive, reliable, accurate, and up-to-date information
(Beissinger and Westphal, 1998; Traill et al., 2010; Flather
et al., 2011). The reliability and predictive capacity of PVA has
been tested previously (Taylor, 1995; Brook et al., 2000) and
is influenced by the availability of known historical population
level data (Reed et al., 2002). While the underlying data
quality (robustness) is fundamentally important in supporting
conservation triage decision making, an often overlooked aspect
relates to how reliable or repeatable the PVAs are themselves.
This has recently been emphasized by Pe’er et al. (2013) when
advocating for a standard protocol for PVA that included detailed
communication criteria.
This has important implications for dynamic conservation
management considering that if original PVAs cannot be
repeated and reproduced, how can we reliably evaluate the
effectiveness of different management strategies or prioritize
species? Repeatability is important for the development of any
field of research (Cassey and Blackburn, 2006; Ellison, 2010)
and is a basic requirement for the assessment of management
strategies. Reproducibility is desirable when extending or
attempting to evaluate the results of previous research and goes
someway to protecting against deliberate fraud (Cassey and
Blackburn, 2006) or accidental errors.
Faced with the need to adopt a more strategic and defensible
approach to threatened species management and prioritization,
it can be expected that practitioners will want to reassess the
extinction risk of species at some time in the future building
on initial PVA predictions. These may be required for various
reasons including that better data may have become available,
management interventions may have changed in response to
ongoing or novel threatening processes or financial and/or other
resources may have changed. A first step in such revisions will be
the comparison of previous predictions and models using new
data. This paper explores this aspect by asking to what extent
previously published PVAs are repeatable and reproducible.
This is critically important in determining their effectiveness
in providing accurate and reliable information for conservation
management decisions.
METHODS
Our evaluation of previous PVAs comprised three successive
steps (Figure 1). First, we created a database of accessible PVA
models published since 2000. We confined our analysis to more
recent studies, i.e., post 2000, given recent advances in the
computational capacities of simulation software commonly used
in undertaking these analyses and the presence of older reviews
of PVAs (e.g., Menges, 2000). For our purposes “PVA models”
referred to those where a PVA or Population andHabitat Viability
Analysis (PHVA) had been completed for primarily terrestrial
fauna and flora. The quality of data used in PVA models can
vary widely depending on the species or populations involved
(Brook et al., 2000). We wanted to test PVA models with the best
data so we focused our data collection on species that included
well-known keystone species (e.g., wolves), species involved in
tourism (e.g., whale sharks), or species involved in subsistence
or commercial hunting (e.g., dugongs)(n = 148), to maximize
the potential for repeating these models. The demographic data
on these species tends to be more extensive and as a result,
PVAmodels and the subsequent population predictions are more
robust (Brook et al., 2000; Coulson et al., 2001; Gordon et al.,
2004).
Secondly, we eliminated PVAs that were either user-defined
PVAs with unusual structures (n = 43) or PVAs incorporating
both spatial and demographic data where the data were
inextricably linked and the spatial data were not available
(n = 15). We focused our data collection on studies that
were published using two of the most common PVA modeling
software tools, i.e., VORTEX or RAMAS-GIS. These two
programs are repeatedly used, subject to wide scrutiny, and
are frequently revised and updated (Brook et al., 2000). They
have both been used in the management and conservation of
endangered species. We also chose PVA studies using these
programs as many PVA models are not necessarily run or
constructed by modeling experts. VORTEX and RAMAS-GIS
have many default values for standard analyses and can be easily
run if the required data are available. Therefore, while authors
of these individual studies were likely familiar with their focal
species, they would not be expected to (i) be able to construct
their own models, or (ii) calculate some demographic criteria
from other data.
Thirdly, we compiled the necessary model parameters as
reported by the final selected studies (n = 90) and tried to rerun
the baseline models of each to determine repeatability. We then
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FIGURE 1 | Summary of methodology used to select Population Viability Analysis (PVA) models and determine repeatability and reproducibility of
PVAs.
determined the reproducibility of repeatable models. Models
deemed to be reproducible were those where the confidence
limits of data from our models overlapped with confidence limits
of the data from the original model predictions.
Data Collection
We obtained publicly available, peer-reviewed species PVAs
through extensive internet searches using Google Scholar,
Science Direct and from websites including the IUCN
Conservation Breeding Specialist Group (CBSG, http://www.
cbsg.org/cbsg/). Searches were conducted between September 20
and October 23, 2012.
We found 148 species-specific PVAs on “popular” species
(described earlier) published in peer-reviewed journal articles,
PVA/PVHA workshop reports, and accepted post-graduate
theses. The majority of PVAs were run using VORTEX (87 PVAs
for 81 species) and RAMAS-GIS (18). The remaining PVAs were
completed using a variety of self-built models.
Population Viability Analysis
We extracted baseline model input values from 81 of the 90
PVAs from the published sources and entered the data into
VORTEX (version 9.99) or RAMAS-GIS (version 4.0) to run the
baseline models. No baseline models were provided for the other
9 PVAs. For some PVAs the parameters were clearly defined in
tables or lists; for some they were unclear and/or buried within
the text; some stated that the input values could be found in
supplementary data, which were not always accessible; and for
several PVAs they were simply not available. For each PVA where
applicable, we noted parameters with missing data and/or for
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which the data were ambiguous or had multiple options. These
measures provided an indication of the robustness of these model
data parameters.
In some instances, assumptions could be made about
missing parameters for models rerun using VORTEX where
these were not explicitly articulated in the respective studies.
We assumed Environmental Variation (EV) concordance,
catastrophes, dispersal, density dependent reproduction, future
change in carrying capacity, harvesting, and supplementation
were all excluded from the original baselinemodel if not explicitly
mentioned. We left lethal equivalents, per cent due to recessive
lethals, and age distribution at default values of 3.14, 50, and
stable, respectively, if not specified.We left EV correlation among
populations at 0.5 if a value was not provided, unless the baseline
consisted of only one population. We were still able to run
baseline models without some of these data.
If information was not available for parameters that were
required to run the model (see Table 1 for required data for
VORTEX), or for which assumptions could not be made, we
recorded the PVA as missing required data and these studies
were deemed non-repeatable.We assumed that the authors of the
studies would not be able to calculate missing parameters based
on other demographic data, e.g., “% adult females breeding” is not
required if fecundity is estimated from a regression of juveniles (t)
on adults (t-1).
We compared the baseline model outputs for our successfully
run PVAs (repeatable) to the output values of the original
models. This included a combination of commonly used viability
measures such as growth rates, probability of extinction, extant
population size, remaining genetic diversity, lambda and time
to extinction in addition to the confidence limits for these
data. If our baseline models did not match the original models
(no overlapping confidence limits) we rechecked the input data
and any parameters for which assumptions had been made
(based on missing or ambiguous data), and these parameters
were re-estimated. We then reran models and if these still did
TABLE 1 | Criteria required for running the VORTEX Population Viability
Analyses (PVAs) reviewed in this study including the number and
frequency of examined PVAs missing these criteria.
Criteria # of all PVAs missing # of non-repeatable
this criterion PVAs missing this
(N = 90) (criterion N = 36)
% adult females breeding 5 5
Age of first offspring (F) 2 2
Age of first offspring (M) 4 4
Carrying capacity 7 7
EV in % breeding 19 18
Initial population size 2 2
Mate monopolization 10 10
Maximum age of reproduction 3 3
Mortality rates (M/F) 8 8
SD in mortality rates 17 16
Type of reproductive system 8 8
not match the original models we recorded the PVA as being
non-reproducible. If baseline models were not provided in the
original study, we recorded the PVA as missing baseline. As
we wanted our analyses to be consistent and rigorous, we did
not attempt to run alternative models for those studies missing
baseline models.
All 90 PVAs were independently analyzed by two of the
authors (CW, CM). For each original PVA, we recorded the
version of VORTEX or RAMAS used the year the study was
conducted, and the threat status of the species based on the
IUCN Red List criteria (http://www.redlist.org). At the end of
the analyses, we classified each PVA into one of four categories,
(i) repeatable + reproducible = PVA ran and matched original
(overlapping confidence limits), (ii) repeatable only = PVA ran
but did not match original (non-overlapping confidence limits),
(iii) failed = PVA could not be run due to missing data, or (iv)
missing baseline models.
Statistical Analysis
We used χ2 tests to compare the repeatability and reproducibility
of PVA models in (i) different taxonomic groups (birds,
mammals, reptiles), (ii) IUCN threatened species categories
(Critically Endangered, Endangered, Vulnerable, Near
Threatened, Least Concern), (iii) version of software (VORTEX
or RAMAS) used in the original study, and (iv) publication
quality (based on current journal impact factors and/or gray
literature). We also used χ2 analysis to compare missing data in
species from different threat categories. A correlation analysis
was used to determine if there was a relationship between
year of publication and our ability to replicate/reproduce the
study. Kruskall-Wallis tests were used to compare the average
number of missing criteria in the different taxonomic groups and
threatened species categories. Statistical analysis was completed
using SPSS Ver. 22 with alpha set at 0.05.
RESULTS
General Summary
The vast majority of the 90 PVAs modeled mammal (62
species) and bird (19) populations. The remaining PVAs assessed
amphibians (1), fish (1), insects (1), and reptiles (6). No plant
PVAs met all the selection criteria. Eleven species are currently
listed as Critically Endangered, 27 Endangered, 18 Vulnerable,
11 Near Threatened, and 23 Least Concern. The geographic
spread of species was wide ranging covering the Neotropical
(25 species), Nearctic (16), Afrotropical (16), Palearctic (15),
Indomalayan (12), and Australasian (6) regions. Forty-one PVAs
were published in peer-reviewed journals, 48 were published in
CBSG reports and one was a post-graduate thesis.
PVA Repeatability and Reproducibility
Half of the 90 PVAs (n = 45) were both repeatable and
reproducible, none were repeatable only, 36 failed, and nine had
no baseline model (Table S1 for details).
Bird PVAs appeared more repeatable and reproducible
than those for mammals or reptiles (71% vs. 43% and 33%,
respectively) but not significantly so (χ2 = 4.659, df = 2,
Frontiers in Ecology and Evolution | www.frontiersin.org 4 August 2016 | Volume 4 | Article 98
Morrison et al. Repeatability and Reproducibility of Population Viability Analysis
p = 0.097). There was also no relationship between the threat
status of the species and PVA repeatability (χ2 = 1.304, df = 4,
p= 0.86).
There was no correlation between the year the original model
was run and our ability to replicate it (r = 0.108, p = 0.29),
nor was there a relationship between the version of VORTEX
or RAMAS used in the original PVA and our ability to replicate
the model (χ2 = 27.336, df = 27, p = 0.49). Publication quality
(assessed by using current journal impact factors) had no effect
on PVA repeatability (χ2 = 3.524, df= 4, p= 0.47).
Missing and/or Incorrect Input Data
VORTEX 9.99 has 65 input data criteria, 11 of which are required
data (Table 1). Most of the failed PVAs were missing these data
(n = 32) and/or provided a range of data values (n = 12).
The required data most frequently absent from PVAs included
mortality rates for males and females (missing from 9% of all
reviewed PVAs), standard deviation in mortality rates (20%),
mate monopolization (11%), and EV (Environmental Variation)
in % breeding (22%).
Required data were missing from 12% of bird PVAs, 50%
of reptile PVAs, and 36% of mammal PVAs. There was no
relationship between the threat status of the species and missing
data (CR = 36%, EN = 24%, VU = 33%, NT = 45%, LC = 27%;
χ
2 = 1.983, df= 4, p= 0.74).
The total number of input data missing from PVAs (out of
65) ranged from 0 to 43 (average = 8.67 ± 9.42). There was
no difference in the average number of input data missing in
bird (6.0 ± 7.80), mammal (9.26 ± 10.09), and reptile (10.17
± 8.57) PVAs (Kruskal Wallis test: p = 0.187). There was also
no difference in the average number of input data missing in
CR (8.1 ± 6.67), EN (6.68 ± 7.15), VU (10.61 ± 16.54), NT
(11.55 ± 7.03), and LC (8.18 ± 5.12) PVAs (Kruskal Wallis test:
p= 0.197).
Of the PVAs run using RAMAS-GIS, two were both repeatable
and reproducible while the third did not provide a baselinemodel
for comparison.
DISCUSSION
Our analysis has revealed that a substantial number of current
PVAs for “popular” species are not repeatable due largely to the
fact that the model parameters required to repeat these analyses
were poorly communicated in papers or reports. The importance
of communicating all inputs and outputs of PVA models in a
systematic manner to ensure that studies can be repeated was
recently highlighted by Pe’er et al. (2013). Here we provide
an empirical demonstration of the consequences should these
model parameters not be reported. Of course this has immediate
effects on whether conservation practitioners can repeat the
models. More broadly, however, this also diminishes the ability of
practitioners to reliably make decisions on conservation actions.
Importantly, there was no pattern among studies to suggest
that some were worse than others in terms of reporting baseline
parameters. Consequently, repeatability was not linked to taxa,
IUCN category, PVA software version used, year published or
the quality of publication outlet. Plant-focused PVAs were not
represented in our analysis as these were either completed using
self-constructed models, or RAMAS-GIS where there were no
associated spatial data. A detailed assessment of these models
was therefore beyond the scope of the current paper. This does,
however, highlight the need for a more detailed review of these
aspects within plant-focused PVAs, building on the previous
review by Menges (2000).
While the quality and quantity of data is one primary
source of uncertainty affecting the reliability of PVA predictions
(Beissinger and Westphal, 1998), the implications of not being
able to repeat studies has not yet been empirically evaluated.
While the reliability of predictions could result in scarce
resources being directed inefficiently, where predictions cannot
be repeated or reproduced practitioners may be unable to
evaluate whether any conservation action or spending has
achieved the desired conservation objective. Our results suggest
that the latter problem is systemic within the discipline, despite
the fact that numerous guidelines for undertaking PVAs exist
(e.g., Beissinger and Westphal, 1998; Burgman and Possingham,
2000; Ralls et al., 2002; IUCN, 2008). Given that our sample
of PVAs also concentrated on species with a higher profile,
we may have expected that data for these species would be
more comprehensive. Nevertheless, the number of PVAs that
could not be replicated was still relatively high suggesting that
our assessment of repeatability and reproducibility in PVAs
could be an overestimate. We therefore, echo the sentiments
of Pe’er et al. (2013) who have called for the complete and
systematic presentation of PVA parameters and results to ensure
repeatability of these studies.
Previous reviews of the utility of PVAs consider the
importance of reducing uncertainty through careful selection
of model structures based on known available data (Burgman
and Possingham, 2000). Pe’er et al. (2013) provide the most
recent evaluation of model parameters commonly included in
the application of PVAs. However, they do not suggest which
of these are fundamental to being able to compile and run a
simple baseline model, despite suggesting that the inclusion of
density-dependent processes remains poor. From our analyses
we were able to identify those parameters that should be seen as
minimum requirements (in our case for studies completed using
VORTEX) to enable others to repeat the models at a later stage.
These parameters are similar to those listed by Ralls et al. (2002)
and included aspects of mortality rates and changes in carrying
capacity. Of course the suggestions provided by Pe’er et al. (2013)
are still valid in that any data used in these baseline models
should be accompanied by all the necessary metadata. As such,
all baseline PVA models should be checked for repeatability and
reproducibility during the peer review process to make sure that
all necessary data is provided prior to publication. The current
transition to academic publication models that require authors to
submit their raw data together withmanuscripts may successfully
address this issue in the future.
The repeatability of PVAs is critical to improving conservation
efficiencies for a number of reasons. Firstly, those that are
not repeatable may bring into question the validity and
predictions of the original model. This is important as there are
numerous authors who have highlighted the shortcomings for
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conservation practice should PVA predictions not be sufficiently
robust (Taylor, 1995; Burgman and Possingham, 2000; Ralls
et al., 2002). Furthermore, given that improvement of PVA
models is an ongoing process (Lindenmayer et al., 2000;
Ralls et al., 2002), non-repeatable PVAs limit the ability of
conservation practitioners to compare revised models using
updated parameters to previous models. This will be the case
regardless of the simulation program used, i.e., VORTEX,
RAMAS, etc.
With finite resources to develop and implement conservation
strategies for threatened populations, conservation managers
need to prioritize strategies and options to the species and/or
habitats where they produce the greatest benefit (McDonald-
Madden et al., 2008; Arponen, 2012). Robust and reliable PVAs
based on biology and management resources that examine the
costs and benefits of different management options can aid in
decision making in an objective and transparent way. In practice
though, conservation prioritization is often a subjective and
value-driven process (Farrier et al., 2007; Arponen, 2012) that is
heavily influenced by sociopolitical factors. Given the influence
of so many other factors on the conservation planning process,
it is critical that the scientific input is robust, reliable, and
reproducible thereby increasing the chances of making decisions
that are both beneficial and justifiable.
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